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Abstract
We report that metal-free phthalocyanine (H2Pc) molecules with a central cavity are able to
incorporate Ag atoms from an Ag(110) surface thus creating silver-phthalocyanine (AgPc). The re-
action was investigated by means of scanning tunneling microscopy (STM) under ultrahigh vacuum,
and the metalation of H2Pc at the interface was confirmed with X-ray photoelectron spectroscopy.
Three different kinds of molecules were found on the surface that are assigned to H2Pc, the corre-
sponding dehydrogenated molecules (Pc) and AgPc. The relative amounts of Pc and AgPc increase
with increasing annealing temperature. We suggest that the reaction with Ag atoms from the steps
of the surface occurs favorably only for already dehydrogenated molecules; thus, the metalation of
H2Pc is likely limited by the heat-induced dehydrogenation. Density functional theory simulations
of the reaction path are presented to corroborate this hypothesis.
1. Introduction
During the past decade, the on-surface met-
alation of ordered molecular layers of pro-
totypical porphyrin1–8 and phthalocyanine9,10
molecules was developed and has gained consid-
erable interest. This is achieved by evaporating
metal atoms onto the surface after or before
the deposition of molecules under ultrahigh-
vacuum (UHV) conditions. Various metals
were tested, and the reaction kinetics studied,
thus showing that depending on the kind of
metal atom annealing at a high temperature
might be necessary for incorporation into the
molecule.11
To our knowledge, one of the first reports
of the direct reaction with the atoms from the
metal surface (“self-metalation”) appeared for
porphyrin molecules on a Ag electrode; how-
ever, it was not perceived to be a new pro-
cess for bottom-up synthesis of metal com-
plexes directly by atoms from the metal sub-
strate.12 Later, it was found that various por-
phyrin derivates readily reacted with available
adatoms on a Cu surface and formed the corre-
sponding metalated species.13–15 This reaction
can already start at low temperatures where
diffusing adatoms become available by detach-
ment from the step edges of the surface.13
Annealing at elevated temperatures drastically
speeds up the reaction, and dependence of
the reaction probability on the coverage of
molecules16 and surface reconstruction17 were
also found recently. Self-metalation was found
not only for Cu surfaces but also for other re-
active surfaces such as Fe and Ni.18
Various modifications of metal-free phthalo-
cyanine and porphyrin molecules were often in-
vestigated on single crystals of noble metals
like Au or Ag, most often on the close-packed
(111) surface; however, the inclusion of these
surface atoms in the molecular macrocycle has
never been observed with scanning tunneling
microscopy (STM) to our knowledge. Thus, it
was believed that in this case a self-metalation
on the surface is not possible because noble
metal surfaces are quite inert. Nevertheless,
such molecules with coordinated silver or gold
ions like silver phthalocyanine19 or silver por-
phyrin20–22 are already long known and can be
synthesized in solution. Also, a forced metala-
tion of a single phthalocyanine on Ag(111) sup-
posedly with Ag atoms by pushing an atom at
the tip of a STM into the previously dehydro-


























Two questions arise: whether it is also pos-
sible to self-metalate molecules with Ag atoms
directly from a crystalline Ag surface and why
this was not observed in STM studies so far.
The specific surface orientation can be decisive
for initiating reactions.24 Thus, a more reactive
orientation of the surface plane of Ag could lead
to success that was not possible on the close-
packed Ag(111) surface. Indeed, it was found
using surface-enhanced resonance Raman spec-
troscopy that a free-base porphyrin macrocycle
adsorbed on the roughened surface of Ag col-
loidal nanoparticles may incorporate a metal
ion.25,26 After deposition of 0.1 nm of Ag on
top of a thick film of free-base phthalocya-
nine (H2Pc), a shift of the HOMO and LUMO
was reported.27 This effect was explained by
charge transfer to the deposited Ag atoms and
the interaction of H2Pc + Ag atoms described
as chemisorption, whereas CuPc + Ag corre-
sponded to physisorption.27 We suggest that
this strong interaction of H2Pc could also have
been due to a metalation reaction.
In summary, there are several reports for in
situ metalation reactions of porphyrins with
Ag atoms and indications for this reaction
with H2Pc. In this paper, we will show clear
evidence by X-ray photoelectron spectroscopy
(XPS) and STM that self-metalation is indeed
also possible for H2Pc on a Ag(110) surface. In
the last part of this paper, density functional
theory calculations (DFT) of the reaction path
are presented and discussed.
2. Experimental details
2.1. Sample preparation
The Ag(110) single crystals were carefully
cleaned under UHV according to the standard
procedure by cycles of Ar+-sputtering at an
energy of 500 eV and annealing at 500 ◦C for
1 h. The quality and cleanliness of the pre-
pared substrate was verified by STM or XPS,
respectively, prior to the deposition of H2Pc
molecules (Sigma-Aldrich, purity of > 97%).
The molecules were filled into a Knudsen cell
in a separate preparation chamber and further
purified with gradient sublimation by heating
to a temperature slightly below the sublima-
tion temperature (≈ 350 ◦C) under UHV. Dur-
ing the deposition of H2Pc, the substrate was
held at room temperature. The thickness of the
layer was estimated with a quartz microbalance
for STM and by the attenuation of the sub-
strate peaks (Ag 3d) for XPS.28 A monolayer
(ML) of the molecular adsorbate is defined as
the minimal thickness where the substrate sur-
face is completely covered with a close-packed
layer of molecules (≈ 0.3 nm).
For the STM experiments, the sample was
annealed by resistive heating of the sample
holder and the temperature was measured close
to the sample plate on which the Ag(110) crys-
tal was clamped. For XPS, a different Ag(110)
single crystal, which fits in the special sample
holder used, was provided by the Material Sci-
ence beamline. In this case, annealing of the
sample was carried out by heating a wire that
was wound directly around the Ag(110) crystal
and held it in place; the thermocouple was fixed
at its backside to achieve an accurate tempera-
ture measurement. In each annealing step, the
temperature was increased slowly up to the des-
ignated maximum temperature at which point
it was held for 10min and then cooled down to
room temperature for the measurements.
2.2. Methods
The STM experiments were carried out
with a variable temperature STM from Omi-
cron. Measurements were performed at room-
temperature if not noted otherwise. The base
pressure in the UHV chamber with the STM
was in the range of 10−10mbar. Electrochem-
ically etched tungsten tips were used in the
STM. All STM images were measured in con-
stant current mode with a tunneling current
of 100 pA. Positive bias voltages correspond to
tunneling to the sample, negative bias from the
sample to the tip. STM images were processed
with the WSxM software,29 whereby slight fil-
tering was applied to remove noise.
X-ray photoelectron spectroscopy of a thick
layer (≈ 7 nm) of H2Pc was measured with a
Mg Kα source. The XPS experiments for the
thin layers were carried out with synchrotron
radiation at the Material Science beamline at
Elettra (Trieste, Italy). A Phoibos photoelec-
tron spectrometer was used. The photoelec-
trons were collected in the surface normal di-
rection with a photon incidence angle of 30 ◦.
The binding energies were corrected relative to
the Ag 3d5/2 substrate peak (368.2 eV) or for
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the thick layer, for which Ag 3d was not visi-
ble, to the Au 4f7/2 (84.0 eV) peak of a clean
reference gold foil. Core-level spectra were fit-
ted with a Shirley and a linear background, and
peak functions of Voigt shape using an identical
width for all peaks.
DFT calculations were carried out using the
grid-based projector augmented wave method
(GPAW).30 The RPBE exchange-correlation
functional with a pairwise correction for the
dispersion interaction [vdW(TS)]31, and a real-
space grid with spacing of h = 0.2Å were
used. The simplified model consists of a (110)-
oriented substrate slab of three layers of Ag,
with the two lowest layers fixed during opti-
mization, an Ag adatom, and the H2Pc (or Pc)
molecule that is centered on a bridge position
on top of an atomic Ag row. The molecule is
chosen to be rotated by 23 ◦ relative to the di-
rection of the row ([11¯0]) as found by STM.
The simulation cell has periodic boundary con-
ditions in x and y and zero boundary in z di-
rection with a vacuum of in total 1.3 nm. The
reaction path of the metalation was modeled
by a “nudged elastic band” (NEB), which was
consecutively relaxed first in the LCAO mode
with the standard double-ζ-polarized (dzp) ba-
sis set of atomic orbitals for the representation
of the wave functions and at the end switched
to the finite difference mode (grid-only) for fine-
tuning.32
3. Results and Discussion
3.1. XPS investigations
Changes in the 1s core level of the nitrogen
atoms are a good indication for reactions oc-
curring at the center of the molecule (Fig. 1).
The N 1s signal of H2Pc molecules consists of
two components for pyrrolic (-NH-) and iminic
(-N=) nitrogen with a peak area ratio of 1 : 3,
as can be seen for a thick layer in Fig. 1A. At a
coverage of slightly more than one monolayer
(Fig. 1B) an additional peak at lower bind-
ing energy of circa 398.3 eV is observed. This
species of N atoms can be attributed to met-
alated phthalocyanine, wherein the four cen-
tral N atoms coordinate to a metal ion. The
metal atom inside the molecule is usually pos-
itively charged (e.g. oxidation state 2+) and
donates electron density to the surrounding N
atoms thereby leading to a shift to lower N
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Figure 1: Evolution of the N 1s core level spec-
tra of H2Pc on Ag(110). (A) thick layer (≈7 nm),
Eexc = 1253.6 eV (Mg Kα) B-D: Initially ≈ 0.4 nm
(1.3ML), Eexc = 485 eV. The maximum tempera-
ture during annealing is shown at each curve. Ar-
rows indicate an increase/decrease of the corre-
sponding peak component.
1s binding energy. Because no metal atoms
were deposited before or after the adsorption
of the molecules and the pristine substrate was
confirmed to be clean and free of impurities,
the aforementioned metal can only be Ag orig-
inating from the Ag(110) substrate. A N 1s
binding energy of 397.6 eV for Ag(II) octaethyl-
porphyrin20 and 398.3 eV20 or 398.5 eV21 for
Ag(II)-tetraphenylporphyin were reported be-
fore, which are similar to the energy of the
peak measured here that is attributed to N-Ag
bonds.
Notably, XPS indicates that around one-
third of the molecules were already metalated
at room temperature, which indicates a low
reaction barrier for the metalation. On the
anisotropic Ag(110), Ag atoms already begin
to detach from step edges at temperatures over
175K and subsequently diffuse over the sur-
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face, preferentially along the Ag rows ([11¯0] di-
rection).33 The availability of Ag atoms neces-
sary for the reaction is significantly higher on
Ag(110) than on the close-packed Ag(111) sur-
face at room temperature. This might be the
reason why on Ag(111) this kind of metalation
with surface atoms has never been observed.
Annealing (Figures 1C and D) led to a large
decrease of the peak at 400.7 eV (-NH-) and an
increase of the peak at 398.3 eV, which means
that more H2Pc molecules were metalated at
increased temperature. For AgPc, the amount
of iminic (-N=) and N-Ag nitrogen atoms is
equal. Therefore, it can be seen that after the
sample was heated to 300 ◦C, around 82% of
H2Pc molecules seemingly reacted with surface
atoms. No significant change with annealing
could be found in the Ag 3d core level, likely
because the contribution from the substrate
clearly dominates the signal.
3.2. STM results of the molecular adlayer
Microscopic evidence of metalation is shown
in Fig. 2. H2Pc molecules in direct interaction
with the Ag(110) substrate appear in a crosslike
shape with a depression in the center (framed
green). Single H2Pc molecules adsorbed on
top of the monolayer (Fig. 2(a), white circle)
are decoupled from the substrate and have a
more detailed appearance with two protrusions
on each lobe of the molecule. Additionally,
crosslike molecules with a central protrusion,
which are assigned to AgPc molecules, were
observed (Fig. 2, framed in blue). This cen-
tral protrusion (apparent height of ≈ 0.1 nm)
is seemingly mostly an electronic effect due to
d orbitals with extension in the z direction (dxz,
dyz) because it is not clearly visible at all bias
voltages.
Annealing of the sample again resulted in an
increasing amount of AgPc relative to H2Pc
molecules. At all annealing steps and espe-
cially at room temperature, far less metalated
molecules were found in STM than the XPS
results suggested. The reason for this could
be a different roughness of the Ag(110) sur-
faces of the different crystals used for the re-
spective experiments, i.e., the size of flat ter-
races and number of steps on the surface. More
steps lead to a higher availability of diffusing
Ag atoms and, subsequently, likely a higher








Figure 2: (a) STM image of monolayer coverage
of H2Pc on Ag(110) annealed to ≈ 100 ◦C (36.8 nm
× 36.8 nm, U = −0.8V, I = 100 pA, measured
at room temperature). H2Pc and a metalated ph-
thalocyanine are indicated exemplarily with green
and blue, respectively, and shown magnified in the
inset. A single H2Pc molecule adsorbed on top of
the molecular monolayer is marked with a white cir-
cle. The directions of the lattice vectors of the un-
derlying Ag(110) substrate are shown by the white
arrows. (b) STM of submonolayer coverage an-
nealed to ≈ 200 ◦C (55 nm × 30 nm, U = −1.5V,
I = 100 pA, at 38K). An alternating arrangement
of H2Pc and AgPc molecules is formed (arrow).
Step edges of Ag(110) are partially decorated with
molecules.
should also be noted that STM is a local tech-
nique and mostly flat areas of the surface were
chosen for imaging instead of areas with many
steps. In contrast, XPS averages over nearly
the whole sample, which likely leads to the mea-
sured higher ratio of AgPc to H2Pc compared
to that measured by STM.
The amount of metalated molecules after an-
nealing seemed to be higher at submonolayer
coverage (Fig. 2(b)) compared to that at a full
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monolayer, which might be due to easier diffu-
sion of Ag adatoms to the molecules. It was
also reported previously that the rate of meta-
lation can strongly depend on the coverage of
deposited molecules.16 A different coverage can
lead to different adsorbate structures, which
might hinder or favor the diffusion of adatoms.
Besides the scenario of metalation with a diffus-
ing adatom, there is also the possibility that a
metal atom is directly taken out of the surface
underneath the center of the molecule. This,
however, creates a vacancy at the surface which
is thermodynamically very unfavorable.18
Interestingly, after annealing a coverage of
around half a monolayer of H2Pc on Ag(110),
the molecules sometimes rearranged into a
new two-dimensional structure consisting of
molecular rows along [001] of alternating and
zigzag displaced H2Pc and AgPc molecules
(Fig. 2(b)). This binary structure is likely due
to different favorable adsorption positions of
H2Pc and AgPc on the Ag rows of Ag(110) or to
an electrostatic repulsive interaction if charge
in the substrate under the AgPc molecules is
pushed away or accumulated by the central
metal ion.
Although H2Pc shows a small central depres-
sion and the metalated Pc shows a protrusion in
STM, after annealing a large amount of a third,
flat molecular appearance was observed in the
monolayer (Fig. 3). The brighter appearance
(or slightly different apparent height) can only
be observed at small positive or negative bias
voltage, whereas at higher bias this species usu-
ally cannot be discriminated clearly from H2Pc
(Fig. 3(a)). In the image of Fig. 3(e) (sample
annealed to ≈ 100 ◦C), the STM contrast for
this tip and at U = −0.8V again shows the
H2Pc molecules with a shallow central depres-
sion (white circle) and AgPc with a big cen-
tral protrusion (blue circle; however, the sec-
ond species is imaged now with a large central
depression (green circle).
One explanation for this species is an inter-
mediate state in the process of metalation.3,8.
If Ag atoms diffuse (preferably along silver
rows) underneath the molecular layer, then one
could be trapped under the center of the metal-
free phthalocyanine without being lifted up in-
side the molecule. For this step and the dissoci-
ating of the two central hydrogen atoms an en-
ergy barrier should be overcome, which will be
discussed in more detail later. Ag atoms under-
neath the molecular plane and partially bonded
to the N atoms should also lead to a shift in the
N 1s core-level spectra and, therefore, to a con-
tribution to the feature contributed to N-Ag.
Against this explanation is the fact that the
bright molecules seldom seem to move in the
layer, as can be seen when Fig. 3(b) and (c)
are compared or even change the contrast be-
tween dark and bright during the scan by the
influence of the tip (Fig. 3(d)).
Notably, a modification of H2Pc (17%) on
Ag(111) was reported before by Bai and co-
workers9 The origin of the second kind of
molecules was not clear; however, both species
could be metalated by deposition of Fe atoms.
Another more likely explanation would thus
be that these molecules correspond to dehy-
drogenated phthalocyanine (Pc) which has a
slightly different local density of states than
H2Pc similar to what was previously found for a
metal-free tetra(p-hydroxyphenyl)porphyrin.34
The higher contrast of dehydrogenated ph-
thalocyanine at voltages around the Fermi en-
ergy might also indicate hybridization with the
surface state of Ag(110). The in-layer move-
ment and change of contrast shown in Fig. 3
can thus be understood by transfer of H2 be-
tween H2Pc and Pc molecules induced by the
influence of the STM tip. For example, in
the upper white circle in Fig. 3(d), during
the scan line (slow scan direction from bottom
to top, fast scan direction from left to right)
the left molecule is dehydrogenated and turns
bright, and two hydrogen atoms are transferred
by the tip to the adjacent bright Pc molecule
which is subsequently hydrogenated again to
the dimmer H2Pc. The occurrence and increas-
ing amount of dehydrogenated phthalocyanine
is due to annealing of the sample16 and the cat-
alytic activity of Ag(110).
For dehydrogenated phthalocyanine
molecules, a metalation with Ag atoms is
favorable to saturate again the pyrrolic N
atoms in the center. A two-step metalation
process with a higher reaction barrier is in
this case not required. We propose, therefore,
that H2Pc does not react directly with Ag but
rather that a preceding hydrogen dissociation
is required.23 Also, metalated molecules are
often not preferably found near step edges












Figure 3: (a)-(c) Series of STM images of the same scan area showing the two species of metal-free
phthalocyanine. ((a) U = +1.2V, (b) and (c) U = +0.2V, I = 1nA) The brighter contrast of two molecules
visible at low bias voltage seemingly moved inside the close-packed layer to adjacent positions (marked by
green arrows). (d) Contrast change of individual molecules (white circles) during scanning as a result of
proposed tip-induced dehydrogenation of H2Pc, and hydrogen transfer and hydrogenation of neighboring Pc
molecules. The slow scanning direction was from bottom to top, and fast scanning was from left to right.
(U = +0.2V, I = 100pA) (e) STM image of the three different molecular species with slightly different
resolution and contrast: dim molecules H2Pc (white circle); molecules with larger central depression (Pc,
green circle); molecules with central protrusion (AgPc, blue circle) (U = −0.8V, I = 100pA)
the molecular domains, which supports the
assumption that mostly the dehydrogenated
molecules capture and incorporate diffusing
Ag atoms. The relative small amount of
AgPc molecules observed by STM even after
extensive annealing indicates that the met-
alation reaction is not very efficient and the
close-packed arrangement of the molecules
likely hinders the diffusion of adatoms to
the dehydrogenated phthalocyanine molecules.
Also, self-metalation with Ag was not found for
metal-free tetra(p-hydroxyphenyl)porphyrin
on Ag(110).35 The reason for this is probably
the slightly larger distance of the molecular
macrocycle from the Ag surface because of
the elevation by the tilted phenyl rings or the
partial hydrogenation of the central nitrogen
atoms after annealing to high temperatures,
which prevents a metalation.36
3.3. DFT simulations of the reaction path
Density functional theory optimizations of
the AgPc molecule indicate that it has the typ-
ical planar D4h symmetry. The Ag ion fits in-
side the central cavity of the macrocycle, and
no shuttlecock-like deformation such as that in
the case of SnPc37 occurs in gas phase or after
adsorption. We also obtained this flat geome-
try with different basis sets and xc-functionals
(vdW-DF2, PBE, B3LYP) in gas phase, and
only a small deformation was found for the re-
laxed molecule on the Ag slab. Also, it was
not possible in STM to “switch” the metalated
molecules by manipulation with the tip into a
geometry with metal ion pointing toward the
surface, which seems to be different from the
report by Sperl et al.23 but corroborates a flat
geometry of the AgPc molecule.
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Figure 4: Nudged elastic band paths for the metalation reaction of H2Pc and the dehydrogenated form Pc
with a diffusing Ag adatom (slightly highlighted) on Ag(110). The change of the atomic positions at each
step is shown, and point by arrows to the corresponding change of the total energy relative to the final step
of AgPc + H2. The elements are colored as follows: silver, bright gray; carbon, dark gray; nitrogen, blue;
and hydrogen atoms, white.
To our knowledge, only gas phase calcula-
tions for the reaction path of a metalation were
so far carried out because the adsorption on a
surface leads to many possible paths for dif-
fusion and reaction of the metal ion with the
molecule. Furthermore, it is not clear if the
metal ion can move underneath the molecule
(and thereby lift it) to the central cavity. The
gas phase calculations for the metalation of
porphine molecules with different metal atoms
showed that the metal ion is coordinated by the
four nitrogen atoms with the hydrogen atoms
still bonded to two N atoms.11 Thereafter, the
two aminic H atoms are successively transferred
to the metal ion where they combine and finally
detach as molecular hydrogen.
The calculated reaction paths of the metala-
tion of H2Pc (blue trace) or Pc (orange trace)
with Ag are shown in Fig. 4. First, the Ag
adatom moves along the trench from the Ag
substrate rows, which is the path with the low-
est diffusion barrier on Ag(110). It then has
to move underneath the molecule (steps 1 to
4) to reach the center of the molecule (step
5). Thereby, this part of the molecule is lo-
cally lifted, which requires additional energy.
The metalation of an already dehydrogenated
H2Pc (Pc, orange trace, Fig. 4) requires only
this first energy barrier for the diffusion of Ag
to the molecular cavity. On the other hand, in
step 5 of H2Pc + Ag, the two hydrogen bonded
at the central N atoms hinder the immediate
metalation. Thus, the Ag atom is coordinated
by the N atoms but is still below the molecular
plane and the two H atoms are bent away from
the surface. Another energy barrier has to be
overcome to detach one H from the respective
N atom, which can then move over the Ag atom
to the second hydrogen (step 6). Both H atoms
can then form H2 and desorb, whereas the Ag
atom is lifted up in the plane of the molecule
(step 7).
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The height of the total energy barrier is
109 kcal/mol (4.7 eV) for H2Pc + Ag and 33
kcal/mol (1.4 eV) for Pc + Ag. The metalation
of H2Pc with Ag is highly endothermic, which
could be the reason why it was usually not ob-
served previously. For comparison, the metala-
tion of the similar porphine molecule with Fe,
Co, Cu, and Zn was found to be always exother-
mic, with the enthalpy and barrier height de-
pending on the specific metal.11 For the meta-
lation of tetraphenylporphyrin on Ni(111) with
Ni surface atoms, a gain in energy of 0.89 eV
was calculated, and in the reported XPS experi-
ment, the reaction already readily proceeded at
room temperature on Ni(111).18
4. Conclusions
We showed that the reaction of metal-free
phthalocyanine molecules with Ag atoms from
a Ag(110) surface upon adsorption already oc-
curs at a small percentage already at room tem-
perature, which leads to the metalation of the
molecules. Our DFT simulations indicate that
the metalation of H2Pc is endothermic and has
a high energy barrier. However, for the dehy-
drogenated species Pc, the reaction has a signif-
icantly lower barrier and is thermodynamically
favorable. The metalation of H2Pc to AgPc on
Ag(110) thus likely consists of two separate re-
actions that are the dissociation of the central
hydrogen atoms by annealing and the diffusion
of Ag atoms from step edges to dehydrogenated
molecules where they are coordinated by the
four N atoms.
Our finding shows that the orientation of
the substrate surface can be crucial for self-
metalation reactions because it was not ob-
served for H2Pc on Ag(111). Furthermore,
for electronic devices applying ultrathin films
of H2Pc, Ag contacts could also lead to reac-
tions to AgPc and consequently alter the de-
sired properties.
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